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Summary
Objective: This paper reviews the histochemistry of the extracellular matrix of human articular cartilage. No systematic review of
histochemical knowledge and techniques in the study of articular cartilage has been published previously.
Methods and results: Literature was searched in the Winspirs Medline database from 1960 to 2000. Only techniques applicable for bright
field or polarization microscopy were considered. Unless otherwise noted, all applies to hyaline cartilage.
The most widely used fixatives are adequate for routine staining of proteins, but proteoglycan fixation is problematic, and no one fixative
can be recommended.
Proteoglycan can be stained reliably but it is problematic that, at low substrate concentrations, these methods are not stoichiometric.
Collagen can be stained efficiently, although attempts to differentiate collagen types have not been successful.
Conclusions: Detailed studies of fixation and staining procedures should be carried out and standards for cartilage sampling, handling and
evaluation agreed upon if results from different laboratories are to be compared. © 2002 OsteoArthritis Research Society International.
Published by Elsevier Science Ltd. All rights reserved.
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Human articular cartilage is the site of osteoarthritis (OA),
the most common joint disease and a cause of pain and
disability in a very large number of people.
As cartilage research expands, so does the need for
standardization of techniques. It is essential that labora-
tories across the world are able to compare results. Histo-
logical grading systems1,2 for OA for example, depend in
part upon the stoichiometric staining characteristics of
proteoglycan stains for the grading of the severity of the
osteoarthritic lesion.
Tissue sampling, fixation, staining and assessment are
cornerstones of histochemistry and plenty of histological
and histochemical textbooks are available, encompassing
almost any known technique in use3–6. However, no
account or review of histochemical knowledge and tech-
nique in the particular study of the extracellular matrix
articular of cartilage has been published.Articular cartilage
Articular cartilage comprises only one cell type, i.e.
the chondrocyte. The chondrocyte is embedded in an333avascular matrix composed of water (70% wet w/w)7,
proteoglycans8, collagens (50–90% dry w/w)9 and non-
collagenous proteins10. The non-collagenous proteins
can be subdivided into proteins present only in articular
cartilage11, and proteins present in other tissues as well.
However, the non-collagenous proteins are too minor
constituents to be differentially detected by available histo-
chemical methods, and are best visualized by more specific
methods such as immunohistochemistry. Many of these
proteins help to determine the configuration of collagens
and glycosaminoglycans. This may influence the staining
pattern of these components, but this has not been studied.
Leaching of the small structural and non-structural proteins
during tissue processing has not been studied, and the
significance of this with regards to histochemistry is
unknown.Received 25 August 2001; accepted 7 January 2002.
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Adequate fixation and staining of tissue samples
require reliable and standardized sampling methods.
Factors such as the source individual, joint type, top-
ography of sampling site within a joint, depth of sampling
and the presence of joint (cartilage) disease should
be considered and standardized12. Ideally, though not
practically feasible, a normal as well as an osteo-
arthritic cartilage section could be included as control
samples in every staining and fixation run. The included
sections should be known with regards to staining
pattern.
All the steps in tissue processing should be standardized
to avoid variation, within the laboratory as well as between
laboratories.
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AIMS OF FIXATION
Fixation means ‘to make stable and stationary’ and
hence implies that this process (1) prevents tissue autolysis
and bacterial attack; (2) prevents the tissue from rearrange-
ment and changing morphological appearance during
subsequent processing; (3) prevents loss of tissue compo-
nents due to ‘washing out’; (4) does not produce artefacts,
(5) allows for clear and good staining of tissue13.
Different tissue components are retained in the tissue to
differing degrees by various fixatives and that retention,
although a prerequisite for staining, is not in itself enough,
preservation of the tissue component is also important.TYPES OF FIXATION
Fixatives may conveniently be classified as (1) cross-
linking (aldehydes i.e. formaldehyde and glutaraldehyde),
(2) protein-denaturing, coagulating agents (i.e. methanol,
ethanol and acetone), (3) oxidizing agents (i.e. osmium
tetroxide and potassium permanganate), (4) other cross-
linking agents (i.e. carbodiimides), (5) physical (i.e.,
heat and microwaves) and (6) miscellaneous chemical
reagents.
Time of fixation, pH, temperature, osmolarity14, fixative
penetration (diffusion) of tissue15 as well as volume, buff-
ering and freshness of liquid solutions should always be
considered, since these factors are important for effi-
cacy16,17. The time interval between death of tissue (ces-
sation of circulation) and proper fixation should clearly be
kept at an absolute minimum (although rarely practically
possible; preferably less than 6 h), although avascular by
nature, articular cartilage does not undergo autolysis as
quickly as most other vascular tissues.
Most aqueous fixatives are used at temperatures
between 4°C and 40°C, the higher temperatures translating
into shorter fixation times.
Fixative to tissue ratio and fixative to tissue penetration
as a function of time, concentration, tissue block size and
fixative volume may influence the fixative’s overall ability to
retain a certain tissue component. Penetration of fixative
into tissue has been shown to depend upon a fixative
specific constant and, interestingly, that alcohol is superior
to both formaldehyde and glutaraldehyde14,18.
Except for two studies assessing proteoglycan depletion
by fixation19,20, none of the aforementioned variables has
been thoroughly and objectively assessed with regard to
human articular cartilage.Aldehydes
The most widely used aldehydes are formaldehyde (in
4% aqueous solution termed formalin) and glutaraldehyde.
Aldehydes form methylene crosslinks most readily between
external lysine and cysteine residues on proteins18 but also
between any of the less reactive thiol, amine, guanidine,
tyrosine or primary amide residues. This reaction occurs
over a wide range of pH and temperatures21,22. Both
glutaraldehyde and formaldehyde cause general tissue
distortion. Aldehydes are generally considered toxic.Formalin
The literature is conflicting as to whether formalin alone
is an adequate agent for proteoglycan fixation23, and it hasbeen shown not to prevent glycosaminoglycans (GAG) and
proteoglycan leaching from tissue24, a finding contrary to
that of Kiviranta and co-workers (1984)20, who found that
neutral buffered formalin was adequate for proteoglycan
fixation, and that almost no proteoglycans or GAG were lost
following fixation by neutral buffered formalin. Alcoholic
formalin was found to improve fixation of GAG in deminer-
alized cartilage25, but the cellular appearance was poorly
preserved. Addition of Safranin O to the fixative solution
may also prevent GAG loss, but this approach is impracti-
cal, since it may interfere with future use of the tissue, e.g.
for immunohistochemistry26.
For better aldehyde fixation of cartilage proteins, proteo-
glycan or GAG, a mixture of formalin and cetyl pyridinium
chloride27, cetrimide24, cetyltrimethylammonium28 could be
used. Good results have also been obtained with a mixture
of formalin and alcohol for GAG fixation20,29. These com-
binations may work by precipitating carbohydrates and thus
decrease diffusion of protein, proteoglycans and GAG
from cartilage. A review of formalin fixation for immuno-
histochemistry can be found in the American Journal of
Surgical Pathology, 200030.Glutaraldehyde
Glutaraldehyde–protein cross-linking is increased with
temperature, pH and glutaraldehyde concentration31. The
cross-links are rapidly formed and irreversible; proteins
may suffer loss of up to 30% of -helix structure13,18, and
consequently the ultrastructure of collagen is not well
preserved32. Glutaraldehyde fixation reduces the activity of
most enzymes and may introduce Schiff-positive aldehyde
groups33. Note that articular cartilage is normally PAS-
negative.
It has been shown that up to 40% of proteoglycans and
GAG are lost from cartilage during aqueous fixation with
glutaraldehyde19, which is deleterious both when assess-
ing morphology and when assessing proteoglycan content
by staining.Protein-denaturing agents
Alcohol-containing fixatives have traditionally been used
as fixative for proteoglycans, GAG and carbohydrates. It is
believed that alcohols denature the protein component and
precipitate the carbohydrate onto the protein meshwork
thus formed34.
Alcohols and acetone are generally very poor at retain-
ing proteins, but conversely do not readily denature pro-
tein epitopes35, thus making these fixatives ideal for
immunohistochemistry36–38 but poor for cartilage GAG
histochemistry, unless combined with alcohol. There has
been no study of the morphological changes in articular
cartilage following alchol fixation.
Figure 1 shows the effects of different fixatives on the
Safranin O staining intensity. It can be seen that the
intensity of staining differs greatly. A section from the same
block of tissue was stained in the same run. Acetone and
methanol produces a weaker result than the ethanol–
formalin combination.Oxidizing agents
Osmium tetroxide (OsO4) is a well established fixative
for lipids and for electron microscopy, but has been shown
to alter the structure of proteins in a random fashion39,40.
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Carbodiimides or diimidoesters, dimethylsuberimidate
(DMS) in particular, have been shown to react with lysine
residues and create intermolecular cross-links with pro-
teins. Protein cross-linking increases with pH (optimum pH
9.5), concentration and fixation time33. Dimethylsuberimi-
date has not been assessed as a proteoglycan fixative.Physical fixatives
Heat-induced protein denaturation is a well-established
technique, and microwave irradiation provides a means for
control of temperature. Microwave fixation is a rapid, non-
chemical technique, and tissues are fixed throughout the
block in a very short time. Proteins, proteoglycan and GAG
are well preserved, and thus microwave irradiation appears
not to induce profound tissue distortion.
According to Richards & Kaab41, microwave enhanced
fixation of cartilage must, contrary to other tissues, be
applied to blocks of tissue instead of thin (slide-mounted)
sections. The optimum cartilage fixation temperature is
approximately 45°C41. Temperatures below 45°C produce
incomplete fixation, whereas temperatures above 60–70°C
produce vacuolation and pyknotic nuclei during subsequent
processing42,43.
Freeze drying, freeze substitution and snap freezing to
−160°C in liquid nitrogen or to −20°C in a cryotome
provides a means for gentle preservation of tissue, but is
rarely used for other purposes than electron microscopy
(freeze drying and substitution) or routine pathology (snap
freezing).Miscellaneous other fixatives
Mercury chloride, picric acid and a wide range of fixa-
tives are not commonly used for cartilage histochemistry
and will not be considered here.Fig. 1. The effect of different fixatives on the staining with Safranin
O. (a): Acetone 15 min. (b): Ethanol–Formalin 24 h, pH=7. (c):
Methanol 30 min. All sections are cryostats, stained with Safranin
O 5 min. No counterstain.Table I






Formalin + + ± 20
Formaldehyde − + ± 24
Glutaraldehyde − + ± 19
Ethanol-formaldehyde + + + 29
OsO4 − ± ? 40
Ethanol − − ? 114
Methanol + − ? 114
Acetone − − ? 114
Microwaves + + + 41,42
−: Generally poor, ±: average, +: generally good, ?: not properly assessed.COMMENTS ON FIXATION
Table I summarizes the nature of the most widely used
fixatives. For general staining almost all the mentioned
fixatives produce adequate results.
The most widely used fixatives (aldehydes and alcho-
hols) are adequate for routine staining of protein. Proteo-
glycan fixation is problematic and no one fixative
336 J. L. Hyllested et al.: Cartilage matrix histochemistrypreserves proteoglycans without some loss. The aldehydes
are poor fixatives from a morphological viewpoint, but seem
to retain protein adequately. Many laboratories of pathology
use these fixatives (in the form of formalin) for all speci-
mens. Microwave fixation thus may prove well suited for
histochemistry, but this requires further investigation.
There has been little objective study comparing fixatives
in cartilage.Dye particle size contributes greatly to the dye’s ability to
diffuse into the tissue section. The passage into cartilage of
large dyes such as Alcian blue and Sirius red may be
hindered, when the protein–polypeptide network or colla-
gen fibres are tightly worn, as may be the case when
cartilage is fixed in alcohol or acetone. Network tightness
can be altered by enzyme digestion with papain, chon-
droitinase or gelatinase. Specimen thickness and surface
profile may cause variations in the staining pattern.
The question of selectivity is fundamental in histochem-
istry. All dyes are selective to some extent, staining only
certain tissue components, e.g. Safranin O staining the
GAG component, or Sirius Red staining the protein (colla-
gen) component. Through regulation of staining conditions
(e.g. pH, salt concentration, rate of staining/ diffusion),
selectivity may be more or less controlled, forming sys-
tems that could allow identification of specific tissue
components.TYPES OF STAININGNon-selective stains
As for most tissues, non-selective stains are very useful
for quick and easy morphologic assessment. Of these, the
Haematoxylin-Eosin stain [Fig. 2(f)] is one of the most










Colour of stain Solubility
Water Alcohol Xylene
Safranin O Azine 350 GAG/proteoglycan Red/orange + + 0
Alcian Blue Copper phtalocyanine 1341 GAG/proteoglycan Blue/turqoise + + + + 0
Toluidine Blue Thiazine 305 GAG/proteoglycan Bluish violet (metachromatic) + + 0
Sirius Red Triphenyl-methane 585 Proteins Yellow-orange-red (in polarized
light also green)
+ + + + 0
Fast Green FCF Triphenyl-methane 808 Proteins Green + + + 0
+++: highly soluble, ++: moderately soluble, +: soluble, 0: not soluble.Safranin O. Safranin O51–54 and Safranin O/Fast green
FCF/Haematoxylin55 is probably the most widely used stain
for cartilage GAG and proteoglycan [Fig. 2(c),(d)].
Rosenberg has found Safranin O staining without coun-
terstain to be stoichiometric56. This study has formed the
theoretical basis for the use of Safranin O as a marker for
GAG depletion in cartilage diseases such as OA, for
example in the Histologic–Histochemical Grading System1.
It has been shown that the binding of Safranin O to
cartilage GAG is only stoichiometric when the amount of
GAG in the tissue is not too low. This is obviously not
always the case in OA, and Safranin O may thus not be a
sensitive indicator of GAG content in severely diseased
cartilage57.
There is no evidence to support that Safranin O retains
its stoichiometric properties when combined with Fast
Green FCF. On the contrary, competition between Safranin
O and Fast Green has been reported58.
Three studies have found Safranin O staining to corre-
late to the GAG content measured by fixed charge densityHistochemical staining
Histological stains and dyestuffs may be classified
according to the chemistry of the dye, by the trivial name of
the dye or by the nature of the tissue component stained,
the latter two of which will be employed here.
There is sometimes confusion as to the nomenclature of
charged dyes; whether to use the term ‘basic’ or ‘cationic’
for a dye carrying positive charge. The term ‘cationic’ is
the more appropriate as this encompasses all positively
charged dyes regardless of its proton-accepting character-
istics (which are of less importance than the charge), and
this terminology will be applied here44. The same applies
for ‘acidic’ or ‘anionic’ dyes.
Basic chemical aspects, such as staining time, pH,
concentration, temperature and salt concentration must be
considered, and solvent–solvent interactions (hydrophobic
bonding), reagent–reagent interaction (i.e. metachroma-
sia), and reagent–tissue interactions such as van der
Waals (a.k.a. London) forces, coulombic (electrostatic)
interactions, hydrogen bonding and covalent influence the
staining pattern, both in solution and in the tissue. Dyes
may also require a covalently linked mordant (often a metal
ion) for dye–tissue component binding to occur.
Dye impurities such as salts or other dyes may result in
uneven staining and non-reproducible results45, as will
variations in the manufacturing process. Dyes may decom-
pose after some time, and this may also influence staining.
Tissue components remain stained, either because the
solvent and mounting media used are substances for which
the stain has low affinity, or because the stain is slowly
dissolved from the tissue. Some of the cationic dyes used
to stain GAG have a higher solubility in alcohol than the
anionic dyes. Table II shows the solubilities in water,
alcohol and xylene of some of the most popular dyes.
When a tissue component does not stain as expected, it
may be for several reasons; the dye may not have been
able to reach the dye-binding site on the substrate
(because of pH, dye concentration, dye particle size, dif-
fusion rate) or simply because the tissue component is no
longer present (it may have been lost in the fixation
process).
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spectrophotometrical density analysis59,60 or scanning
microdensitometry25 respectively.
In one of these studies60, an attempt to block staining
in a fashion similar to the Critical Electrolyte Concen-
tration was made. Anionic sulfate and carboxyl substrate
groups were blocked, but this was not reproducible and
reliable.
Inclusion of Safranin O in the fixative has been assessed
for the simultaneous staining of cartilage GAG for light and
electron microscopy, and the elctromicroscopic findings
were found to be consistent with the light microscopy
findings. The chemical basis for Safranin O as an electron
dense dye is not known61.
The reproducibilities of the different spectrophotometric
or densitometric systems have not been compared,
although one study has found the reproducibility of ahistomorphometric system to be adequate62. Staining with
Safranin O for example should be evaluated using a
reproducible grading system encompassing only very few
possible outcomes, and at best be regarded as supportive
in a more complex evaluation system. The Histological–
Histochemical Grading System is an example of a system
which is in the process of being modified according to these
points. [A working group under the OsteoArthritis Research
Society International (OARSI) led by Dr Kenneth Pritzker
presented the first draft proposal to a new classification
system at the OARSI fifth world congress in Barcelona
2000].Fig. 2. Stains for articular cartilage. (a): Sirius red. (b): Same section viewed under polarized light. (c): Safranin O–Fast Green–Haematoxylin.
(d): Safranin O-Fast Green-Haematoxylin. Note difference in Safranin O staining pattern between (c) and (d) despite similarity in structure.
(e): Alcian Blue without salt. (f): Haematoxylin-Eosin. All sections are paraffin sections, fixed in formalin 24 h.Toluidine blue. Toluidine blue52,63,64 is structurally very
similar to thionine, Methylene blue and azure A, the
chemical and staining characteristics being very similar65.
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blue in the detection of cartilage GAG have been compared
to those of Safranin O, and found to be inferior56,66.
Staining with Toluidine blue can be suppressed with the
addition of cations such as Alcian blue67, although a Critical
Electrolyte Concentration technique has not been
described.
The dye contains zinc, and the presence of this metal
has been exploited by Shepard and Mitchell68 to develop
a fixative containing Toluidine blue, thus enabling the
simultaneous localization of GAG in cartilage by light and
electron microscopy.Alcian blue 8GX. Alcian blue 8GS was introduced by
Steedman in 195069, later modified to Alcian blue 8GX [Fig.
2(e)], the dye in current use70–73.
The sheer size of the dye reduces the rate of staining
considerably74. In a model system (which contains fewer
non-specific interactions and less steric hindrance than
cartilage), it was concluded that Alcian blue staining only
delivered information about the penetration of the dye75.
Alcian blue is a tetravalent cationic dye76, staining ani-
onic tissue components including RNA and DNA. The
staining pattern varies with the salt (e.g. MgCl2) concen-
tration and pH of the dye solution, and may thus be
predicted by the Donnan equilibrium77. Nucleic acid stain-
ing may be avoided, leaving only the highly acidic
proteoglycans and GAG stained. Thus the pericellular
cartilage would be expected to stain more readily than the
intercellular, as is indeed the case.
Staining intensity of cartilage matrix increases with stain-
ing time up to 24 hours, but further increase in staining time
does not increase intensity. The rate and intensity of
staining increases slightly with temperature78. Staining is
generally considered best at acidic pH (between 0.4 and
5.6), but some disagreement exists79.
It has been reported that Alcian blue has an inherent
tendency to aggregate in large particles on the cartilage
surface and in areas with high permeability79.
The mechanism of staining is not entirely clear, although
electrostatic interactions clearly play a large role.
The Critical Electrolyte Concentration technique devised
by Scott80 supposedly allows for differentiation of the GAG
according to charge density and nature of the tissue anion.
It is argued that the displacement of a cationic dye by
solute anions in varying concentrations is a measure of
dye–substrate affinity, and that the concentration of salt
needed to displace the dye varies accordingly. This theory
requires that the staining reaction be taken to an equilib-
rium, and that the reaction is completely reversible, neither
of which is always the case.
Despite the obvious theoretical relevance of this tech-
nique, it has been seriously questioned81,82, and it has
been shown that the aforementioned prerequisites are not
entirely fulfilled78. This differentiation approach is thus
recommended only as ‘support’83.
Similarly to the Critical Electrolyte Concentration tech-
nique, the pH of the staining solution (i.e. ionization of
GAG) can be used to differentiate GAG84, but this is
unreliable due to protein interaction on ionization. This
method is consequently not reliable in cartilage proteogly-
can histochemistry85,86.
Alcian blue staining generally shows variations with
regard to staining intensity and location that cannot be
totally accounted for25,60,83. According to Scott89, this has
to do with the fact that the original Alcian blue has not beenmanufactured since 1973, and the Alcian blues now avail-
able are not of the same quality as the original (which is the
dye he used for the Critical Electrolyte Concentration
technique) and certainly not as good dyestuffs87. In our
experience Alcian blue is indeed unreliable, and we have
found it very troublesome in use.Miscellaneous proteoglycan/GAG staining tech-
niques. Ruthenium red has been successfully used by
several authors to stain proteoglycans and GAG for elec-
tron microscopy, by dye inclusion in the fixative88,89 as well
as a separate stain following normal fixation90, but the dye
is not well suited to light microscopy.
Cupromeronic blue and Cuprolinic blue are similar to
Alcian blue, but have mostly been used in electron
microscopy. These dyes behave much like Alcian blue yet
are smaller in size, and staining is carried out in a similar
fashion87.
Dimethylmethylene blue has been used to discriminate
sulfated from non-sulfated GAG and it can be used to
quantify GAG content91,92.
Periodic acid-Schiff reaction is traditionally used for
carbohydrates and mucins, such as goblet cell mucins, but
cartilage GAG is usually not considered positive for this
reaction although methods have been described by which
cartilage glycoproteins and GAG can be stained by
PAS93,94.Staining of collagenSirius red F3BA. Sirius red F3BA (picrosirius red) is used
for the selective detection of collagens, reticulum fibres and
basement membranes in tissue sections95–97, and the stain
varies between yellow and orange/red [Fig. 2(a),(b)]. The
dye was first introduced as an improvement of the van
Gieson picrofuchsin connective tissue stain by Sweat
and co-workers98, and then again by Constantine and
Mowry99,100. The dye contains six sulfonic acid groups and
is elongated (approx. 46 Ar long), causing an increase in
birefringence when bound parallel to basic proteins such as
collagen and collagen-like structures101. These authors
conclude that Sirius red is specific for collagen and the
collagen-like component Clq of the complement system,
and that staining is due to electrostatic interactions
between amino residues in collagen and the sulfonic acid in
Sirius red. James and co-workers102 have found Sirius Red
staining assessed by histophotometry and spectrophotom-
etry to correlate well with the hydroxyproline content in liver
and concluded that this enables quantification of colla-
gen102. These findings are in striking contrast to the con-
clusion reached by three independent studies103–105,
according to which staining is due to non-ionic forces
(but is enhanced by electrostatic interaction) and is not
stoichiometric.
The picric acid solutions with Sirius red stain at pH
of approx. 1.5–2, which tends to significantly increase
‘overdying’ (more dye particles than binding sites available
in the tissue), and hence dying is not stoichiometric, a
prerequisite of quantification58.
Staining and birefringence may be enhanced by prior
removal of proteoglycans by digestion with papain101.
A method has been developed that supposedly allows
for differentiation of collagen types I, II and III by Sirius
red staining; viewed under polarizing light [Fig. 2(b)], the
collagen types appeared yellow, red/orange or green,
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findings were provided.
Kiraly and co-workers107 have recently developed a
method for collagen quantification in the unstained carti-
lage section, using a computer aided analysis of an image
created by a sensitive videocamera connected to the
microscope. This was found to be more reproducible than
the Sirius red-based staining method. In light of the above
mentioned intrinsic problems with the Sirius red stain,
Kiraly’s method may come to be a useful technique for
collagen measurements in the future, but the need for
expensive equipment is a drawback.Miscellaneous collagen staining techniques. Many
different collagen staining methods are available, but most
of these rarely find use in cartilage staining. Trichrome
stains such as Mallory and Masson are good connective
tissue stains. Well known is also the van Gieson (or the van
Gieson-Hansen variant) either alone or in combination with
Alcian blue.
Fast green FCF is often used as stain for collagen and
other proteins. The dye is neither specific for proteins108
nor for histones as was once considered109. It is useful as
counterstain due to its bright green color, but suspicion of
dye–dye competition between Fast green and Safranin O58
and Sirius Red103 should render Fast green FCF useless in
any quantitative attempt.COMMENTS ON STAINING
Table III summarizes the characteristics of some popular
stain. Safranin O and Toluidine blue are the most reliable
GAG and proteoglycan stains, at least when GAG depletion
is not severe. Quantification using microspectrophotometry
may in the future be refined to a level where it is reliable.
However, it is problematic that some dyes are not stoichio-
metric at low substrate concentrations. Attempts to differ-
entiate between different GAG have not proven reliable.
Collagen can be stained efficiently but not stoichiometri-
cally with Sirius Red, although it is not possible to differen-
tiate different collagen types.
Histochemistry may be suited for OA research, in that it
contrasts normal and severe OA, but not any situation in
between. Similarly, histochemistry may illustrate collagen
arcades and collagen loss, but we have no way of knowing
the extent of this loss.TISSUE ASSESSMENT
An assessment system must be slack enough to be
reproducible and valid, yet rigid enough to be scientificallyadequate. For example, the Histological–Histochemical
Grading System for osteoarthritic cartilage is neither repro-
ducible110 nor valid110,111. This system is based on the
grading of Safranin O stained sections. Even simple vari-
ables are difficult to assess in a reproducible manner112.
For routine purposes a simple two grade assessment
system of±staining may suffice. Similarly, a system based
on absolute numerical evaluation is not reproducible for
immunohistochemistry113. Obviously, when neither the
grading system is reproducible, nor the stain stoichiometric
this approach must fail. It is essential that a reproducible
assessment system is set up, standardized, described in
detail and thoroughly tested before any results are based
upon it.
A ‘gold standard’ histological manual may be produced
for the laboratory, providing pictures of all available stains
and written assessment manuals. This can be consulted
during evaluation sessions if in doubt.Conclusion
During the past three decades, a number of studies on
histochemical techniques have been published. Yet, there
is still a need for standardization of cartilage histochemical
techniques. Detailed studies of fixation and staining pro-
cedures should be carried out and standards for cartilage
sampling, handling and assessment be agreed upon if
results from different laboratories are to be compared.
Authors should be encouraged to publish full accounts of
their histochemical procedures so that comparisons
between methods and results are possible.
There has been some work in the field of cartilage
extracellular matrix histochemistry, but little consideration
has been given to the fixative as well as to the dye.
Histochemistry is well suited for overview staining and as
a measure of large scale variations in quantity of a given
tissue component.Table III
Histochemical stains for articular cartilage
Dye GAG/proteoglycan Protein Reference
Safranin O + − (*Fast green) 56
Alcian Blue ± − 80
Toluidine blue + − 66
Ruthenium red ± − 116
Dimethylmethylene blue + − 91
PAS + (chondroitin sulfate) − (+glycoproteins) 94
Sirius Red F3BA − + (*Fast green) 103
Fast Green FCF − ± 108
−: Generally poor, ±: average, +: generally good.
*Negative dye–dye interaction possible, see text for details.References
1. Mankin HJ, Dorfman H, Lippiello L, Zarins A. Bio-
chemical and metabolic abnormalities in articular
cartilage from osteo-arthritic human hips. II. Corre-
lation of morphology with biochemical and metabolic
data. J Bone Joint Surg Am 1971;53(3):523–37.
2. Bulstra SK, Buurman WA, Walenkamp GHIM, Van
der Linden AJ. Metabolic characteristics of in vitro
cultured human chondrocytes in relation to the histo-
pathologic grade of osteoarthritis. Clin Orthop Rel
Res 1989;242:294–302.
340 J. L. Hyllested et al.: Cartilage matrix histochemistry3. Velican C, Velican D. Histochemie des glucides en
pathologie humaine. 1st ed. Paris: Gauthier-Villar
1969.
4. Baker JR. Principles of Biological Microtechnique. 1st
ed. London: Methuen & Co Ltd 1958.
5. Lillie RD. Histopathologic Technic and Practical Histo-
chemistry. New York: McGraw-Hill 1965.
6. Bancroft JD, Stevens A, Bancroft JD, Stevens A
(Eds). Theory and Practise of Histological Technique.
New York: Churchill Livingstone 1996.
7. Bollet AJ, Nance JL. Biochemical Findings in normal
and osteoarthritic articular cartilage. II. Chondroitin
sulphate concentration and chain length, water and
ash content. J Clin Invest 1966;45(7):1170–7.
8. Maroudas A, Bayliss MT, Venn MF. Further studies on
the composition of human femoral head cartilage.
Ann Rheum Dis 1980;39(5):514–23.
9. Muir H. The chondrocyte, architect of cartilage. Bio-
mechanics, structure, function and molecular biology
of cartilage matrix macromolecules. Bioessays 1995;
17(12):1039–48.
10. Heinegard D, Oldberg A. Structure and biology of
cartilage and bone matrix noncollagenous macro-
molecules. FASEB J 1989;3(9):2042–51.
11. Neame PJ, Tapp H, Azizan A. Noncollagenous, non-
proteoglycan macromolecules of cartilage. Cellular
and Molecular Life Sciences 1999;55:1327–40.
12. Ostergaard K, Salter DM. Immunohistochemistry in
the study of normal and osteoarthritic articular carti-
lage. Progress in Histochemistry and Cytochemistry
1998;33(2):1–80.
13. Hopwood D. Cell and tissue fixation, 1972–1982.
Histochem J 1985;17(4):389–442.
14. Hopwood D. Fixatives and fixation: a review. Histo-
chem J 1969;1(4):323–60.
15. Medawar PB. The rate of penetration of fixatives. J R
Microsc Soc 1941;61:46–57.
16. Davenport HA (Ed.). Histological and Histochemical
Technics. 1st ed. 2. Philadelphia: W.B. Saunders
1960:19–28.
17. Davenport HA (Ed.). Histological and Histochemical
Technics, 1st ed, 3. Philadelphia: W.B. Saunders
1960:29–41.
18. Hopwood D, Bancroft JD, Stevens A (Eds). Theory
and Practice of Histological Techniques, 4th ed, 2.
New York: Churchill Livingstone 1996:23–45.
19. Wilson NH, Gardner DL. Influence of aqueous fixation
on articular surface morphology. A reflected light
interference microscope study. J Pathol 1980;131(4):
333–8.
20. Kiviranta I, Tammi M, Jurvelin J, Saamanen AM,
Helminen HJ. Fixation, decalcification, and tissue
processing effects on articular cartilage proteogly-
cans. Histochemistry 1984;80(6):569–73.
21. Fraenkel-Conrat H, Olcott HS. The reaction of formal-
dehyde with proteins. V. Cross-linking between
amino and primary amide or guanidyl groups. J Am
Chem Soc 1948;70:2673–84.
22. Fox CH, Johnson FB, Whiting J, Roller PP. Formal-
dehyde fixation. J Histochem Cytochem 1985;33(8):
845–53.
23. Butler WF. Comparison of the effects of early and late
fixation on Alcian Blue staining in dog skin using two
different fixatives. Histochem J 1974;6:463–5.
24. Pousty I, Bari-Khan MA, Butler WF. Leaching of
glycosaminoglycans from tissues by the fixativesformalin-saline and formalin-cetrimide. Histochem J
1975;7:361–5.
25. Jubb RW, Eggert FM. Staining of demineralized
cartilage. II. Quantitation of articular cartilage proteo-
glycan after fixation and rapid demineralization.
Histochemistry 1981;73(3):391–6.
26. Kiraly K, Lammi M, Arokoski J, Lapvetelainen T,
Tammi M, Helminen H, et al. Safranin O reduces loss
of glycosaminoglycans from bovine articular cartilage
during histological specimen preparation. Histochem
J 1996;28(2):99–107.
27. Engfeldt B, Hjertquist SO. The effect of various fixa-
tives on the preservation of acid glycosaminoglycans
in tissues. Acta Path Microbiol Scand 1967;71:
219–32.
28. Radmehr B, Butler WF. Leaching of glycosaminogly-
can from cow uterus and vagina into fixative solution.
Histochem J 1978;10:465–8.
29. Lin W, Shuster S, Maibach HI, Stern R. Patterns
of hyaluronan staining are modified by fixation
techniques. J Histochem Cytochem 1997;45(8):
1157–63.
30. Werner M, Chott A, Fabiano A, Battifora H. Effect of
formalin tissue fixation and processing on immuno-
histochemistry. Am J Surg Pathol 2000;24(7):
1016–9.
31. Hopwood D, Callen CR, McCabe M. The reactions
between glutaraldehyde and various proteins. An
investigation of their kinetics. Histochem J 1970;2(2):
137–50.
32. Tzaphlidou M. The effects of fixation by combination
of glutaraldehyde/dimethyl suberimidate. Use of col-
lagen as a model system. J Histochem Cytochem
1983;31(11):1274–8.
33. Hassel J, Hand AR. Tissue fixation with diimidoesters
as an alternative to aldehydes. I. Comparison of
cross-linking and ultrastructure obtained with di-
methylsuberimidate and glutaraldehyde. J Histochem
Cytochem 1974;22(4):223–39.
34. Cook HC. Carbohydrates. In: Bancroft JD, Stevens A,
Eds. Theory and Practice of Histological Techniques,
4th ed. New York: Churchill Livingstone 1996:
173–212.
35. Horobin RW. The theory of staining and its practical
implications. In: Bancroft JD, Stevens A, Eds. Theory
and Practice of Histological Techniques, 4th ed. New
York: Churchill Livingstone 1996:81–98.
36. Hancock WW, Becker GJ, Atkins RC. A comparison of
fixatives and immunohistochemical technics for use
with monoclonal antibodies to cell surface antigens.
Am J Clin Pathol 1982;78(6):825–31.
37. Judd MA, Britten KJ. Tissue preparation for the dem-
onstration of surface antigen by immunoperoxidase
techniques. Histochem J 1982;14(5):747–53.
38. Hølund B, Clausen PP, Clemmensen I. The Influence
of fixation and tissue preparation on the immunohis-
tochemical demonstration of Fibronection in human
tissue. Histochemistry 1981;72:291–9.
39. Lenard J, Singer J. Alteration of the conformation of
proteins in red blood cell membranes and in solution
by fixatives used in electron microscopy. J Cell Biol
1968;37:117–21.
40. Hopwood D. Fixation of proteins by osmium tetroxide,
potassium dichromate and potassium permanga-
nate. Model experiments with bovine serum albumin
and bovine gamma-globulin. Histochemie 1969;18(3):
250–60.
Osteoarthritis and Cartilage Vol. 10, No. 5 34141. Richards RG, Kaab MJ. Microwave-enhanced fix-
ation of rabbit articular cartilage. J Microsc 1996;
181(Pt 3):269–76.
42. Hopwood D, Coghill G, Ramsay G, Milne G, Kerr M.
Microwave fixation: its potential for routine tech-
niques, histochemistry, immunocytochemistry and
electron microscopy. Histochem J 1984;16:1171–91.
43. Hellstrom S, Tengblad A, Johansson C, Hedlund U,
Axelsson E. An improved technique for hyaluronan
histochemistry using microwave irradiation. Histo-
chem J 1990;22(12):677–82.
44. Puchtler H, Meloan SN, Spencer M. Current chemical
concepts of acids and bases and their application to
anionic (‘acid’) and cationic (‘basic’) dyes. Histo-
chemistry 1985;82(4):301–6.
45. Horobin RW. The impurities of biological dyes: their
detection, removal, occurrence and histological
significance—a review. Histochem J 1969;1(3):231–
65.
46. Byers PD, Maroudas A, Oztop F, Stockwell RA, Venn
MF. Histological and biochemical studies on cartilage
from osteoarthrotic femoral heads with special refer-
ence to surface characteristics. Connect Tissue Res
1977;5(1):41–9.
47. Meachim G, Osborne GV. Repair at the femoral
articular surface in osteo-arthritis of the hip. J Pathol
1970;102(1):1–8.
48. Meachim G, Allibone R. Topographical variation in the
calcified zone of upper femoral articular cartilage.
J Anat 1984;139(Pt 2):341–52.
49. Slidders W, Hopwood D. Buffered phenol formalde-
hyde (pH 7.0 and pH 5.5): improved fixation in an
enclosed tissue processor. Med Lab Sci 1989;46(1):
74–6.
50. Mikic Z, Somer L, Somer T. Histologic structure of the
articular disk f the human distal radioulnar joint. Clin
Orthop 1992;(275):29–36.
51. Thompson RC Jr, Oegema TR Jr. Metabolic activity of
articular cartilage in osteoarthritis. An in vitro study.
J Bone Joint Surg Am 1979;61(3):407–16.
52. Sachs BL, Goldberg VM, Getzy LL, Moskowitz RW,
Malemud CJ. A histopathologic differentiation of
tissue types in human osteoarthritic cartilage. J
Rheumatol 1982;9(2):210–6.
53. Pelletier JP, Jovanovic D, Fernandes JC, Manning P,
Connor JR, Currie MG, et al. Reduced progression
of experimental osteoarthritis in vivo by selective
inhibition of inducible nitric oxide synthase. Arthritis
Rheum 1998;41(7):1275–86.
54. Lapadula G, Iannone F, Zuccaro C, Grattagliano V,
Covelli M, Patella V, et al. Chondrocyte phenotyping
in Human Osteoarthritis. Clin Rheumatol 1998;17:
99–104.
55. Lillie RD (Ed.). Histopathologic Technic and Practical
Histochemistry, 3rd ed. 14. New York: McGraw-Hill
1965:493–524.
56. Rosenberg L. Chemical basis for the histological use
of safranin O in the study of articular cartilage. J Bone
Joint Surg Am 1971;53(1):69–82.
57. Camplejohn KL, Allard SA. Limitations of safranin ‘O’
staining in proteoglycan-depleted cartilage demon-
strated with monoclonal antibodies. Histochemistry
1988;89(2):185–8.
58. Bulstra SK, Drukker J, Kuijer R, Buurman WA, van-
der-Linden AJ. Thionin staining of paraffin and plastic
embedded sections of cartilage. Biotech Histochem
1993;68(1):20–8.59. Kiviranta I, Jurvelin J, Tammi M, Saamanen AM,
Helminen HJ. Microspectrophotometric quantitation
of glycosaminoglycans in articular cartilage sections
stained with Safranin O. Histochemistry 1985;82(3):
249–55.
60. Kiraly K, Lapvetelainen T, Arokoski J, Torronen K,
Modis L, Kiviranta I, et al. Application of selected
cationic dyes for the semiquantitative estimation of
glycosaminoglycans in histological sections of articu-
lar cartilage by microspectrophotometry. Histochem J
1996;28(8):577–90.
61. Shepard N, Mitchell N. The localization of proteogly-
can by light and electron microscopy using safranin
O. A study of epiphyseal cartilage. J Ultrastruct Res
1976;54(3):451–60.
62. Shimizu C, Coutts RD, Healey RM, Kubo T, Hirasawa
Y, Amiel D. Method of histomorphometric assess-
ment of glycosaminoglycans in articular cartilage.
J Orthop Res 1997;15(5):670–4.
63. Wong M, Wuethrich P, Eggli P, Hunziker E. Zone-
specific cell biosynthetic activity in mature bovine
articular cartilage: a new method using confocal
microscopic stereology and quantitative autoradiog-
raphy. J Orthop Res 1996;14(3):424–32.
64. O’Connor P, Brereton JD, Gardner DL. Hyaline articu-
lar cartilage dissected by papain: light and scanning
electron microscopy and micromechanical studies.
Ann Rheum Dis 1984;43(2):320–6.
65. Conn HJ, Lillie RD, Glenner GG (Eds). Biological
Stains, 7th ed. Baltimore: The Williams and Wilkins
Company 1961.
66. Poole AR. The relationship between toluidine blue
staining and hexuronic acid content of cartilage
matrix. Histochem J 1970;2(5):425–30.
67. Landsmeer JMF. Some colloid chemical aspects of
metachromasia. Influence of pH and salts on meta-
chromatic phenomena evoked by Toluidine Blue in
animal tissue. Acta Physiol Pharmacol Neerl 1951;2:
112–28.
68. Shepard N, Mitchell N. Simultaneous localization of
proteoglycan by light and electron microscopy using
toluidine blue O. A study of epiphyseal cartilage.
J Histochem Cytochem 1976;24(5):621–9.
69. Steedman HF. Alcian Blue 8GS: A new stain for
Mucin. Quart J Microscop Sci 1950;91(4):477–9.
70. Taylor JR, Scott JE, Cribb AM, Bosworth TR. Human
intervertebral disc acid glycosaminoglycans. J Anat
1992;180(Pt 1):137–41.
71. Bjornsson S. Simultaneous preparation and quantita-
tion of proteoglycans by precipitation with alcian blue.
Anal Biochem 1993;210(2):282–91.
72. Ali AM, Sharawy M. Histochemical and immunohisto-
chemical studies of the effects of experimental
anterior disc displacement on sulfated glycos-
aminoglycans, hyaluronic acid, and link protein of the
rabbit craniomandibular joint. J Oral Maxillofac Surg
1996;54(8):992–1003.
73. Elliott RJ, Gardner DL. Changes with age in the
glycosaminoglycans of human articular cartilage. Ann
Rheum Dis 1979;38(4):371–7.
74. Goldstein DJ. Correlation of size of dye particle and
density of substrate, with special reference to mucin
staining. Stain Technol 1962;37:79–93.
75. Tas J. The Alcian blue and combined Alcian blue—
Safranin O staining of glycosaminoglycans studied in
a model system and in mast cells. Histochem J
1977;9(2):205–30.
342 J. L. Hyllested et al.: Cartilage matrix histochemistry76. Scott JE, Quintarelli G, Dellovo MC. The chemical
and histochemical properties of Alcian Blue. I. The
mechanism of Alcian Blue staining. Histochemie
1964;4(2):73–85.
77. Bennion PJ, Horobin RW. Some effects of salts on
staining: use of the Donnan equilibrium to describe
staining of tissue sections with acid and basic dyes.
Histochemistry 1974;39(1):71–82.
78. Goldstein DJ, Horobin RW. Rate factors in staining by
Alcian Blue. Histochem J 1974;6(2): 157–74.
79. Goldstein DJ, Horobin RW. Surface staining of carti-
lage by Alcian blue, with reference to the role of
microscopic dye aggregates in histological staining.
Histochem J 1974;6(2):175–84.
80. Scott JE, Dorling J. Differential staining of acid gly-
cosaminoglycans mucopolysaccharides) by alcian
blue in salt solutions. Histochemie 1965;5(3):221–33.
81. Horobin RW, Goldstein DJ. The influence of salt on
the staining of tissue sections with basic dyes: an
investigation into the general applicability of the criti-
cal electrolyte concentration theory. Histochem J
1974;6(6):599–609.
82. Ippolito E, Pedrini VA, Pedrini MA. Histochemical
properties of cartilage proteoglycans. J Histochem
Cytochem 1983;31(1):53–61.
83. Scott JE, Stockwell RA. On the use and abuse of
the critical electrolyte concentration approach to
the localization of tissue polyanions. J Histochem
Cytochem 1967;15(2):111–3.
84. Quintarelli G, Scott JE, Dellovo MC. The chemical
and histochemical properties of alcian blue. 2. Dye
binding of tissue polyanions. Histochemie 1964;4:
86–98.
85. Quintarelli G, Dellovo MC. The chemical and histo-
chemical properties of alcian blue. IV. Further studies
on the methods for the identification of acid glycos-
aminoglycans. Histochemie 1965;5(3):196–209.
86. Szirmai JA. Quantitative approaches in the histo-
chemistry of mucopolysaccharides. J Histochem
Cytochem 1963;11:24–34.
87. Scott JE. Alcian blue. Now you see it, now you don’t.
Eur J Oral Sci 1996;104(1):2–9.
88. Hunziker EB, Herrman W, Schenk RK. Improved
cartilage fixation by Ruthenium Hexammine Trichlo-
ride (RHT). J Ultrastruct Res 1982;81:1–12.
89. Shepard N, Mitchell N. The localization of articular
cartilage proteoglycan by electron microscopy. Anat
Rec 1977;187(4):463–76.
90. Pihl E. A quantitative electron histochemical esti-
mation of Ruthenium Red binding to heparin in mast
cell granules. Histochemie 1970;22:302–15.
91. Farndale RW, Buttle DJ, Barrett AJ. Improved quan-
titation and discrimination of sulphated glycos-
aminoglycans by use of dimethylmethylene blue.
Biochim Biophys Acta 1986;883(2):173–7.
92. Farndale RW, Sayers CA, Barrett AJ. A direct
spectrophotometric microassay for sulfated glycos-
aminoglycans in cartilage cultures. Connect Tissue
Res 1982;9(4):247–8.
93. Scott JE, Dorling J. Periodate oxidation of acid
polysaccharides. III. A PAS method for chondroitin
sulphates and other glycosamino-glycuronans. Histo-
chemie 1969;19(4):295–301.
94. Kiviranta I, Tammi M, Jurvelin J, Saamanen AM,
Helminen HJ. Demonstration of chondroitin sulphate
and glycoproteins in articular cartilage matrix usingperiodic acid-Schiff (PAS) method. Histochemistry
1985;83(4):303–6.
95. Roush JK, Breur GJ, Wilson JW. Picrosirius red
staining of dental structures. Stain Technol 1988;
63(6):363–7.
96. Rabau MY, Dayan D. Polarization microscopy of
picrosirius red stained sections: a useful method
for qualitative evaluation of intestinal wall collagen.
Histol Histopathol 1994;9(3):525–8.
97. Whittaker P, Kloner RA, Boughner DR, Pickering JG.
Quantitative assessment of myocardial collagen
with picrosirius red staining and circularly polarized
light. Basic Res Cardiol 1994;89(5):397–410.
98. Sweat F, Puchtler H, Rosenthal SI. Sirius Red F3BA
as a stain for connective tissue. Arch Pathol
1964;78:69–72.
99. Constantine VS, Mowry RW. Selective staining of
human dermal collagen. II. The use of picrosirius
red F3BA with polarization microscopy. J Invest
Dermatol 1968;50(5):419–23.
100. Constantine VS, Mowry RW. Selective staining of
human dermal collagen. I. An analysis of standard
methods. J Invest Dermatol 1968;50(5):414–8.
101. Junqueira LC, Bignolas G, Brentani RR. Picrosirius
staining plus polarization microscopy, a specific
method for collagen detection in tissue sections.
Histochem J 1979;11(4):447–55.
102. James J, Bosch KS, Aronson DC, Houtkooper JM.
Sirius red histophotometry and spectrophotometry
of sections in the assessment of the collagen con-
tent of liver tissue and its application in growing rat
liver. Liver 1990;10(1):1–5.
103. Puchtler H, Meloan SN, Waldrop FS. Are picro-dye
reactions for collagens quantitative? Chemical and
histochemical considerations. Histochemistry 1988;
88(3-6):243–56.
104. Pierard GE. Sirius red polarization method is useful
to visualize the organization of connective tissues
but not the molecular composition of their fibrous
polymers. Matrix 1989;9(1):68–71.
105. Nielsen LF, Moe D, Kirkeby S, Garbarsch C. Sirius
red and acid fuchsin staining mechanisms. Biotech
Histochem 1998;73(2):71–7.
106. Junqueira LC, Cossermelli W, Brentani R. Differential
staining of collagens type I, II and III by Sirius Red
and polarization microscopy. Arch Histol Jpn
1978;41(3):267–74.
107. Kiraly K, Hyttinen MM, Lapvetelainen T, Elo M,
Kiviranta I, Dobai J, et al. Specimen preparation and
quantification of collagen birefringence in unstained
sections of articular cartilage using image analysis
and polarizing light microscopy. Histochem J
1997;29(4):317–27.
108. Tas J, van-der-Ploeg M, Mitchell JP, Cohn NS. Pro-
tein staining methods in quantitative cytochemistry.
J Microsc 1980;119(3):295–311.
109. Cohn NS. A model system analysis of the par-
ameters in histone staining. I. Alkaline Fast Green.
Histochem J 1973;5(6):529–45.
110. Ostergaard K, Petersen J, Andersen CB, Bendtzen K,
Salter DM. Histologic/histochemical grading system
for osteoarthritic articular cartilage: reproducibility
and validity. Arthritis Rheum 1997;40(10):1766–71.
111. Ostergaard K, Andersen CB, Petersen J, Bendtzen K,
Salter DM. Validity of histopathological grading of
articular cartilage from osteoarthritic knee joints.
Ann Rheum Dis 1999;58(4):208–13.
Osteoarthritis and Cartilage Vol. 10, No. 5 343112. Veje K, Andersen CB, Salter DM, Hyllsted JL,
Ostergaard K. Intra- and Interobserver reproducibili-
ties of ‘clones’ and ‘surface irregularities’ in normal
and osteoarthritic articular cartilage [Abstract].
OARS workshop on NO and COX, Florence 1998.
113. Hyllested JL, Veje K, Bendtzen K, Salter DM,
Ostergaard K. Immunohistochemical Grading Of
Cell Adhesion Molecules In Articular Cartilage Using
Light Microscopy—A Study Of Reproducibility
[Abstract]. Osteoarthritis Cartilage 1999;7(supple-
ment A).114. Elleder M. Prolonged methanol fixation of soluble
mucosubstances in mucopolysaccharidoses. Histo-
chemistry 1976;46:161–5.
115. Gurr E. Encyclopædia of Microscopic Stains, 1st ed.
London: Leonard Hill (Books) Ltd 1960.
116. Shepard N, Mitchell N. The use of ruthenium and
p-phenylenediamine to stain cartilage simul-
taneously for light and electron microscopy. J
Histochem Cytochem 1977;25(10):1163–8.
